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---ABSTRACT - 

/ y 3 0 7  
Alouette topside soundings recorded a t  the Stanford S a t e l l i t e  

Monitoring F a c i l i t y  have been used t o  determine the  diurnal ,  

seasonal and l a t i t u d i n a l  var ia t ions of e lec t ron  densi ty  a t  the o r b i t  

of the sa te l l i t e  over a wide range of l a t i t u d e s .  The necessary da ta  

manipulations and ca lcu la t ions  were ca r r i ed  out i n  a d i g i t a l  computer 

program which is  described b r i e f ly .  Examples of topside ionograms 

observed a t  Stanford under a wide va r i e ty  of conditions are 

presented and t h e i r  main features a re  described. w 
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Figure 

ILLUSTRATIONS 

T i t l e  

l a  Map showing the pos i t i on  of the te lemetry s t a t i o n  
operated by the  Radioscience Laboratory, Stanford 
University.  The dot ted a rea  ind ica t e s  the  loca t ion  
of  the approximate zone i n  which l ine-of -s ight  
s igna l s  from Alouette a r e  de tec tab le .  The va r i a t ion  
of  the  e a r t h ' s  t o t a l  f i e l d  i s  a l so  shown. 

l b  Map showing loca t ion  of t he  te lemetry s t a t i o n  
together  with l i n e s  of  constant magnetic dip 
angle.  

2a To i l lustrate ,  i n  perspective,  t h e  e leva t ion  of 
t h e  tangent plane, CSB, through t h e  loca t ion  of 
Stanford, S, with a concentr ic  sphere 1000 km 
above t h e  ear th .  

2b To i l l u s t r a t e  t he  in t e r sec t ion  of a tangent plane 
(LNPQ) through t h e  loca t ion  o f  Stanford, S, with 
a concentric sphere 1000 km above the  ea r th .  The 
equation o f  the  plane LNPQ i s  

case case cos (#  - $o) + s i n e  s ine  = r /p  
0 0 

where 

8 and # are the  geographic l a t i t u d e  and 
0 0 longitude of  the poin t  S, 8 and $ a r e  the  

geographic l a t i t u d e  and longitude west of a poin t  
on the  plane dis tance p from t h e  center  of t h e  
e a r t h  and r is  the  radius  o f  the ea r th .  The 
equation of the cone i s  given by r /p  = cos 30" 

s o  t h a t  

cos0 cos0 cos (#  - @ o )  + s in0  s in0 = cos 30" 
0 0 

For Stanford, 8 = 37.4" and #, = 122.2'. 
0 

3a To i l l u s t r a t e  the determination of t he  pos i t i on  of  
t h e  s a t e l l i t e  f o r  a north-south pass .  

3b To i l l u s t r a t e  the  determination o f  t h e  pos i t i on  of 
t he  s a t e l l i t e  fo r  a south-north pass.  
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Figure Title 

4 To illustrate the convergence of the meridians 
AC, BD at latitudes between 8 and 8*. The 
latitude-longitude grid ABCD is used for the 
determination of the magnetic field parameters 
a.t the vehicle. 

1 

5 The portion ABCD of the grid shown in Figure 4 
nn an enlarged scale. The dimensions of the 
trapezium ABCD are computed in Appendix B , 
for a lat i-tude-longitude grid corresponding 
to 8 = 4 3 O  and 8 = 45". The line DE lies 
in 'the plane ABZD. 

6 To illustrate the calculation of the magnetic 
field parameters at the sub-satellite point, 
T. In this diagram, the points ABCD of 
Figures 4 and 5 are redrawn at the corners 
of a rectangle. 

7 Schematic diagram to illustrate the nomenclature 
used to describe features observed on topside 
ionograms. 

8 Alouette video format. (Courtesy NASA) 

NOTE: Figures 9 through 24 are examples of topside ionograms 
observed at Stanford under a wide variety of conditions. 
Details concerning the ionograms are given in Table 9. 

Daytime topside ionograms. Note topside reflected 
9 rays and ground returns. The plasma resonances 
10 (or spikes) are also clearly visible, as are the 

cyclotron harmonics. 

11 Daytime topside ionogram. F2 layer critical frequency 
not observed (> 10.5 Mc/s) . 

12 Day-night transition type ionogram. Note clear Z 
trace. 

13 Day-night transition type ionogram. Note spread F 
echoes. 

14 
1-5 

16 Topside ionogram showing spread F. 

Examples of nighttime ionograms. 
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Figure T i t l e  

17 
18 

19 
20 
21  

22 

23 
24 

26a 

Topside ionograms showing mul t ip le  t r a c e s .  

Topside ionograms taken approximately two minutes 
apar t  on the  same pass .  Note se r r a t ed  appearance 
of resonances and the  apparent recept ion of 
s igna ls  a t  low frequencies.  

On t h i s  nighttime record, t he  curvature of  the  
Extraordinary t r a c e  j u s t  below t h e  cusp i s  i n  t h e  
opposite d i r ec t ion  t o  t h a t  usua l ly  observed. 

Further examples of  records showing the  apparent 
recept ion of‘ s igna l s  a t  low f requencies .  

The va r i a t ion  with dip l a t i t u d e  of the  frequency, 
fXV, a t  which the  Extraordinary t r a c e  has zero 
range, fo r  a series of  days i n  summer and i n  
winter near l o c a l  noon a t  t he  vehicle  (June 1963 
and December 1962). 
month shown on the  diagram give t h e  Greenwich 
Mean Time a t  the  po in t  of c l o s e s t  approach of 
the Alouette s a t e l l i t e  t o  Stanford.  

The numbers following t h e  

The va r i a t ion  with d ip  l a t i t u d e  of  t h e  mid-day 
e lec t ron  dens i ty  a t  1000 kilometers deduced from 
the observat ional  da ta  p l o t t e d  i n  the  previous 
diagram (Fig .  25a) f o r  a series of days i n  
summer and i n  winter .  The da tes  f o r  each pass  
a re  snown together  with the Greenwich Mean Time 
of t he  c loses t  po in t  of  approach t o  Stanford o f  
the Alouette s a t e l l i t e .  

The va r i a t ion  with d ip  l a t i t u d e  o f  t h e  frequency, 
a t  which the  Extraordinary t r a c e  has zero 

range, fo r  a series o f  n ights  i n  summer and. i n  
winter near l o c a l  midnight a t  the  vehic le .  The 
numbers following t h e  month as shown on t he  
diagram correspond t o  t h e  Greenwich Mean Time 
at the  poin t  of c l o s e s t  approach of  the  Alouet te  
s a t e l l i t e  t o  Stanford.  The r e s u l t s  are fo r  May 
and June 1963 and December 1962. 

fXV’ 
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Figure Title 

2611 The variation with dip latitude of the midnight 
electron density at 1000 kilometers deduced from 
the observational data plotted in the previous 
diagram (Fig. 26a) for a series of nights in 
summer and in winter. The dates for each pass 
are shown together with the Greenwich Mean Time 
of the point of closest approach to Stanford of 
the Aloiiette satellite. 

27 

28 

29 

32 

The average variation with dip latitude of the 
eiectron density near noon at 1000 kilomzters for 
International Quiet Days in summer and winter. 
The results are for quiet days in January, May, 
June and July 1963, and for December 1962.. 

The average variation with dip latitude of the 
electron density near midnight at 1000 kilometers 
for International Quiet Days in summer and winter. 
The results are for quiet days in January, May, 
June and July 1963, and December 1962. 

The variation with local time at the vehicle near 
noon of the electron density at 1000 kilometers 
over the range of dip latitudes, 450 to 5 5 0  North 
for a series of days in summer (circles) and in 
winter (dots). 

The variation with local time at the vehicle during 
the day of electron density at 1000 kilometers for 
a series of latitude ranges in summer (1963). 

The variation with local time at the vehicle during 
the day of electron density at 1000 kilometers for 
a series of latitude ranges in winter (1962-3). 

The nighttime electron density at 1000 kilometers 
over the range 450 to 7 5 O  North geomagnetic 
latitude in summer (circles) and in winter (dots). 
The electron density is shown as a function of 
local time at the vehicle. The results are for 
1962-3. 

- ix - SEL-63-007 



APPENDICES: 

Figure Title 

A. 1 The trajectory of the Alouette satellite over a 
latitude range of 10' is assumed to be in the 
plane ATC. 

A.2 Coordinate system for the calculation of the 
latitude and longitude of the sub-satellite point. 

c.1 To illustrate the curvilinear coordinate system 
used in the derivation of equation (6). 

D. 1 Flow diagram to illustrate the arrangement of the 
digital computer program for the calculation of 
electron density at the Alouette orbit. 
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NOMENCLATURE 

v 

CPAZ 

f 

f N  

fNv 

ov f 

xv f 

f Z V  

‘Mv 

fNv 

fz* 

f H  

fHv 

V 
8 

X 

Y 

The s u f f i x  v i s  used t o  denote the  value of  a quant i ty  measured 
a t ,  o r  corresponding to ,  the loca t ion  o f  t h e  vehic le .  

Greenwich Mean Time o f  the po in t  of  c l o s e s t  approach of  t he  
vehicle  t o  t h e  receiving s t a t i o n .  

Frequency. 

Plasma frequency. 

Plasma frequency a t  the  vehicle.  

Frequency a t  which Ordinary ray  has zero range ( X  = 1). 
the  same as the  plasma frequency a t  t h e  vehicle ,  

Frequency a t  which Extraordinary r a y  has zero range ( X  = 1 - Y). 

This i s  

fNv‘ 

Frequency a t  which Z ray  has zero range ( X  = 1 + Y ) .  

Plasma resonance ( X  = 1 - Y ) . 2 

Plasma resonance ( X  = 1). 
f o r  the Ordinary t r a c e  zero range echoes. 

This i s  the  same as the  frequency 

Frequency a t  which Z t race  has i n f i n i t e  v i r t u a l  depth 

1 1 - Y d  
2 2  (x = 

1 - Y cos (T/2 - ev) 

Electron gyro-frequency. 

Electron gyro-frequency a t  t h e  vehic le .  

Dip angle a t  t h e  vehicle .  

f i / f 2  

fH/ f 
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ALOUETTE TOPSIDE SOUNDINGS MONITORED AT STANFORD UNIVERSITY 

J. 0. Thomas*and A .  Y .  Sader 

Radioscience Laboratory 
Stanford University 

Stanford, Cal i forn ia  

I.  INTRODUCTiOW 

I n  accordance with a pol icy  statement of t h e  Topside Sounder Working 

Group (Appendices Q and R, 13th Working Group Meeting Minutes), 

concerning p a r t i c i p a t i o n  i n  the  Canadian Topside Sounder S-27 program, 

the  te lemetry s igna l s  from the  Canadian S a t e l l i t e  "Alouette" have been 

recorded whenever the vehicle  i s  i n  the  v i c i n i t y  of  t h e  receiving s t a t i o n  

a t  Stanford.  Both the  topside soundings and the  VLF telemetry s igna l s  

are monitored. This a c t i v i t y  a t  Stanford l i es  i n  the  category of  t h a t  

of t he  "non-participating" agencies i n  the  S-27 program. Under t h i s  

arrangement, t he  te lemetry s ignals  are received whenever the  sa-tellite 

can be acquired by the  Stanford monitoring f a c i l i t y  although the  

s p e c i f i c  experiments ca r r i ed  on the vehicle  are not e spec ia l ly  switched 

on f o r  monitoring a t  Stanford. 

results of t he  ca lcu la t ions  involving these observations a r e  made 

ava i l ab le  t o  t h e  Canadian Defence Research Telecommunications Establ ish-  

ment. This r epor t  ou t l i nes  those r e s u l t s  which concern the  f irst  s e r i e s  

of  observations which have been made a t  Stanford of  soundings o f  the  

tops ide  of t he  ionosphere. 

The observations themselves and the  

The te lemetry s t a t i o n  operated by the  Radioscience Laboratory, 

Stanford University,  for  t he  monitoring of  s a t e l l i t e  s igna l s  has 

received the  s igna l s  from the  Canadian Topside Sounder "Alouette" on a 

rout ine  basis s ince  December 4, 1962. 
rece iv ing  s i t e  is indicated on t h e  map i n  Fig. la, i n  which the  dot ted 

area ind ica t e s  t he  loca t ion  of  t h e  approximate zone i n  which l ine-of -s ight  

s igna l s  from Alouette are detectable a t  s u f f i c i e n t  s t r eng th  t o  obta in  good 

The p rec i se  loca t ion  of  t he  

* Now a t  NASA, Ames Research Center, Moffett Field,  Cal i forn ia .  
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observational recordings of the  topside .of t he  ionosphere. 

coordinates and magnetic da ta  re levant  t o  t h e  Stanford loca t ion  a re  

presented i n  Table 1. 

Pos i t iona l  

The maps (Figs .  la, b )  a l so  show t h e  magnitude 

T B U  1 

POSITIONAL AND MAGNETIC COORDINATES OF RECEIVING SITE 

S t  an f or d University 

Geographic l a t i t u d e  

Geographic longitude 

Geomagnetic l a t i t u d e  

Dip l a t i t ude  

Dip angle 

Total  f i e l d  (Gauss) 

Coordinate (degrees) 

37.43 N 
122.16 w 
43.7 N 

45.98 N 

64.2 N 

* 515 

of t h e  e a r t h ' s  magnetic f i e l d  i n  t h e  Stanford area together  with l i n e s  

of constant magnetic dip angle: 

mathematical analysis  f o r  t he  conversion of the  topside h ' ( f )  da ta  

i n t o  electron density p r o f i l e s  as described by Thomas, Long and 

Westover (1963) and by Thomas and Westover (1963). 
Alouette experiments have been published by t h e  Canadian Defence 

Research Telecoirmunications Establishment (CDRTE 1962) and i n  a paper 

by Warren (1962) and the  f irst  r e s u l t s  have been described i n  a s e r i e s  

of papers in the  January issue o f  t h e  Canadian Journal o f  Physics, 

Volume 41, page 188, 1963, i n  a r t i c l e s  by Warren, Lockwood, Pe t r i e ,  

Hagg, Muldrew, and Nelms. A complete bibliography ( t o  August 1963) 
of papers on the  subject  i s  included i n  the  references.  

these  quan t i t i e s  a r e  required i n  the  

Deta i l s  of t he  

I n  t h i s  report ,  d e t a i l s  concerning t h e  s a t e l l i t e  and i t s  o r b i t ,  

t he  program o f  observations a t  Stanford, and t h e  main fea tures  of t h e  

observed topside ionograms a r e  described. Some derived topside 

e lec t ron  density p ro f i l e s  were a l so  computed. I n  addition, t he  diurnal,  

seasonal and l a t i t u d i n a l  var ia t ions  of e lec t ron  densi ty  at  t h e  o r b i t  

of t h e  s a t e l l i t e  ( -1000 km above the  surface of t h e  ea r th )  have been 

deduced f r o m  observations of t h e  extraordinary r ay  t r a c e .  The necessary 

SEL 64-007 - 2 -  



da ta  manipulations and calculat lons are ca r r i ed  out i n  a d i g i t a l  

computer program which i s  a l so  described. 

11. %HE ALOUETTE SATELLITE AND ITS ORBIT 

The following d e t a i l s  reproduced from the  publ icat ion CDRTE (1962) 

r e l a t e  t o  t h e  construction, design and o r b i t a l  elements of t h e  Alouette 

s a t e l l i t e  which was launched by a Thor Agena B from t h e  Pac i f ic  Missile 

Range on September 29, 1962. 

Mechanical 

Shape - obla te  spheroid ( o f  spun aluminum) 
Diameter - 42 inches 
Height - 34 inches 
Overall Weight - 319 pounds 
Sounding Antennas - t w o  crossed dipoles,  150 f e e t  from t i p  t o  

Telemetry Antennas - four whips ( t u r n s t i l e  configuration) 
Number of Solar  Cells - 6480 arranged i n  groups o f  45 
Ba t t e r i e s  - 12 N i - C d  

t i p ,  and 75 f e e t  from t i p  t o  t i p  

E l e c t r i c a l  

Sounding Transmitter - completely t r a n s i s t o r i z e d  
Frequency Sweep - 0.45 t o  11.8 Mc/s i n  approximately one 

megacycle per  second 
Pulse Width - 100 microseconds 
Pulse Repetit ion Frequency - 67 cps 
Peak Pulse Power - 100 w a t t s  i n t o  400 ohm load 

Frequency Sweep - 0.45 t o  11.8 Mc/s 
Noise Figure - 8 db 
Minimum s igna l  detection through antenna matching 

Cosmic Noise data provided by AGC voltage.  

Sounding Receiver - t r ans i s to r i zed  

networks - 19 db above KTB 

Beacon T r a n s m i t t e r  - Frequency 136.980 Mc/s a t  0.25 w a t t s  
power 
Frequency 136.080 Mc/s a t  2.0 w a t t s  
power 
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Orbital  Elements 
The Alouette o r b i t a l  elements as computed from Minitrack 

Observations a t  NASA Computation Center fo r  September 29, 1962 are  

given i n  Table 2 below. 

ALOUETTE ORBITAL ELEMENTS 

Anomali s t i c Period 
Inc l ina t ion  80.464 
Mean Anomaly 23 754 
Argument of Perigee 329.895 

10 5.4139 

/Mot ion Minus 2.566 
Latitude of  Perigee Minus 29.65 
Right Ascension of Ascending 

No de 165 773 
/fZot ion Minus 0.984 

Semi -Major Axis 1.15893 

Perigee 618.7 

Velocity a t  Apogee 163 87 

Eccentr ic i ty  0.00245 

Apogee 641.1 
Velocity a t  Perigee 16467 ' 

Minutes 
Degrees 
Degrees 
Degrees 
Degrees per  day 
Degrees 

Degrees 
Degrees per  day 
Earth Radii 

S t a tu t e  Miles 
S ta tu t e  Miles 
Miles per  hour 
Miles per  hour 

The telemetry s igna ls  which are received using standard equipment 

a re  recorded on Sanborn pen recorders and on magnetic tape.  

observational data  are a l so  t ranscr ibed  on t o  35 mm f i lm t o  provide 

a photographic record o f  t h e  va r i a t ion  of t h e  v e r t i c a l  depth of 

r e f l ec t ion  beneath t h e  s a t e l l i t e ,  h ' ,  as  a flmction o f  t h e  frequency, 

f ,  of t he  transmitted r ad io  waves. The topside ionograms are of 

exce l len t  qua l i ty  and cover t h e  range approximately 450 kc/s t o  11.8 
Mc/s i n  a t i m e  of about 18 seconds. 

recorded a t  Stanford a re  given i n  Section 111. 

The 

Examples of  topside ionograms 

111. THE PROGRAM OF OBSERVATIONS AT STANFORD AND ASSOCIATED CALCULATIONS 

I n  order t o  derive information about t h e  e lec t ron  densi ty  i n  t h e  

upper F2 layer  from the  observed topside ionograms, it i s  necessary t o  

know the  posi t ion of t h e  s a t e l l i t e  accurately a t  t h e  time when t h e  

sounding i s  made so  t h a t  t h e  s t rength  and d i rec t ion  o f  t h e  e a r t h ' s  f i e l d  
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at  t h e  loca t ion  of  t h e  vehicle can be determined. The required 

ca lcu la t ions  a re  described below. 

I11 . A .  THE CALCULATION OF THE GEOGRAPHIC LATITUDE AND GEOGRAPHIC 

LONGITUDE OF THE SATELLITE AT A GIVEN TIME. 

Details concerning t h e  predicted pos i t i on  of tile Aiouette s a t e l l i t e  

a t  any time a r e  ava i lab le  on a routine b a s i s .  The predic t ions  are 

provided regular ly  f o r  the use o f t h e  Stanford s a t e l l i t e  monitoring 

f a c i l i t y  by t h e  National Aeronautics and Space Administration and a r e  

of two kinds ( re ferences  [l] and [2]). The predic t ions  [l] give the  

t i m e  a t  which the s a t e l l i t e  passes above the  geographic equator and 

a l s o  the  longitude a t  which it crosses t h e  equator together  with t h e  

date  and pass number f o r  south-north passes .  The longitudes which a re  

counted from t h e  Greenwich meridian are given as longitudes west 

( longi tude west = 360 degrees minus longitude e a s t ) .  

corresponds t o  t h e  pro jec t ion  o f t h e  rad ius  vector from the  center  of t he  

e a r t h  t o  the  s a t e l l i t e ,  on t o  the equa to r i a l  plane. 

t h e  s a t e l l i t e  have been published by the  Canadian Defence Research 

Telecommunications Establishment (CDRTE 1962) and w e r e  given i n  

Sect ion 11. From time t o  t i m e ,  a second s e t  o f  pred ic t ions  i s  ava i l ab le  

( re ference  [2])which gives  a s e t  of s a t e l l i t e  pos i t i on  da ta  i n  the  form 

of cor rec t ions  t o  be appl ied t o  t h e  equa to r i a l  crossing data .  The 

predic t ions  [l] and [2]  may be used t o  determine t h e  s a t e l l i t e ' s  

pos i t i on  within the  a rea  bounded by t h e  horizon from Stanford.  

Examples of these  predict ions are shown i n  Tables 3* and 4% and an 

example is  presented l a t e r  of how t hese  pred ic t ions  a r e  used t o  

der ive t h e  pos i t ion  of  the  s a t e l l i t e  a t  any given t i m e .  

This longitude 

Orbi ta l  d e t a i l s  f o r  

* These Tables a r e  presented a t  t he  end of  t he  Report (pages 40 and 41) .  
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Let S (Fig.  2a) represent  t h e  pos i t ion  Of Stanford and CSB 
be the  tangent t o  the  e a r t h ' s  surface a t  

Alouette o rb i t  a t  C and B. The angle BOS at  t h e  center  o f  t h e  ea r th  

i s  given by 

S, i n t e r sec t ing  the  almost c i r c u l a r  
A 

For convenience, we assume t h i s  angle t o  be 30" so  t h a t  d i r e c t  l i n e  

of s i g h t  signals cannot be received unless t h e  sa te l l i t e  i s  at  a 

dis tance corresponding t o  l e s s  than 30" l a t i t u d e  from Stanford University 

(geographic l a t i t u d e  37.43" North, geographic longitude 122.16" West). 

From Fig. 2b, it i s  seen t h a t  SOM = 30". Thus 
A 

A 
S'M' 0s - t an  SOM - t a n  30" 

= -+- os os - A cos 37" cos S'OS 

A 
t an  S 'OM'  = 0s' 

so  t h a t  

A 
S ' O M '  = 35'52' E 36". 

Fron Figs. 2a, b, it i s  seen t h a t  t h e  s a t e l l i t e  must, i f  it i s  

t o  be received a t  Stanford, (pd in t  S i n  Figs. 2a, b )  l i e  i n  an a rea  

bounded by a c i r c l e  of diameter 7370 km formed by the  in t e r sec t ion  o f  

t h e  tangent plane t o  t he  ea r th  passing through Stanford with a sphere 

of rad ius  7370 Inn. Thus, i f  it i s  possible  t o  receive l ine-of -s ight  

s igna ls  from t h e  s a t e l l i t e  then the  s a t e l l i t e  te lemetry s igna l s  can be 

received within the  range 37" - + 30" of l a t i t u d e  and 122" - + 36" longitude 

about t h e  posit ion of Stanford, t h a t  is, from 7" t o  67" north i n  

l a t i t u d e  and from 86" t o  1-58' w e s t  i n  longitude. 

values which the  coordinates of t he  s a t e l l i t e  could take and these  

extreme values o f  l a t i t u d e  and longitude could not,  of course, be 

achieved simultaneously. 

to distances of 122" - + 36', 37' 2 3O",  t h e  longitude and l a t i t u d e  a r e  

so r e l a t e d  t h a t  t h e  s a t e l l i t e ' s  pos i t ion  projected on the  tangent plane 

by a conical pro jec t ion  from the  center  of t h e  ea r th  w i l l  l i e  ins ide  

These are t h e  extreme 

Thus, i f  a square i s  p l o t t e d  of s ide  corresponding 
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t h e  c i r c l e  inscr ibed i n  t h e  square LNPQ (Fig.  2b) i f  i t s  te lemetry i s  

t o  be received a t  Stanford. 

I n  c rder  t o  detPrmine t h e  pos i t ion  o f  t h e  s a t e l l i t e  at any 

given time, t he  following procedure i s  adopted. L e t  t h e  hor izonta l  

l i n e s  i n  Fig. 3a, b represent  t h e  p a r a l l e l s  of  l a t i t u d e  drawn 10" apa r t .  

L e t  represent  the d i r ec t ion  (Fig. 3a) of  a north-south pass and the  

poin t  0 represent  the  pos i t i on  o f  t he  satel l i te  a t  the  t i m e  t . Let 

GH and IJ represent  t he  longitudes a t  which t h e  s a t e l l i t e  crosses  the  

p a r a l l e l s  EF and CD, respect ively (F ig .  ?a). 

AB 

0 

Suppose X = t he  west longitude of the  s a t e l l i t e  a t  the  time, 

to, corresponding t o  the  poin t  0 i n  Fig.  3a,b, and l e t  

Then 

where 

Y =  

x =  1 

x =  2 

Y =  1 

Y =  2 

t =  E 

1 =  E 

Y =  

X =  

the  nor th  l a t i t u d e  of  t h e  s a t e l l i t e  a t  the  time, 

t he  west longitude of the  l i n e  GH 

t h e  west longitude of  t h e  l i n e  JI 

the  north l a t i t u d e  of  t he  l i n e ,  EF, crossed a t  

time t just  before  time, 

the  north l a t i t u d e  of t h e  l i ne ,  CD, crossed a t  

time t just  a f t e r  the time, t 

time of  equator ia l  crossing 

1 

2 0 

longitude o f  equa to r i a l  crossing 

- tl d t  = (t, - t,) - (tl - t ) = t E 0 U .E 

A t  = t2 - tl 
I n  (1) and ( 2 ) ,  (Y2 - Yl) and (X2 

cor rec t ions  t o  the  pred ic t ions  a t  

and [2]). 

(3) 

(4) 

- X ) a r e  computed from the  t a b l e  o f  

t he  equator crossing ( r e f s .  [l] 
1 
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For a south-north pass ( Y  - Y1) i s  pos i t ive ,  as a r e  d t  and A t .  
2 d t  The quantity E (Y3 - Y ) i s  added t o  Y1 i n  Eq. (1). 

pass, (Y2 - Yl) i s  negative, whereas d t  and A t  are s t i l l  pos i t i ve .  
d t  

t h i s  case, the  cor rec t ion  - 

For a north-south 1 
I n  

- Y ) i s  subt rac ted  from Y1. A t  (y2 1 

Similar in te rpola t ion  gives  the  value of the  west longitude. 

The method is i l l u s t r a t e d  by the  following example: 

For pass number 977 recorded on t h e  9 t h  of  December 1962, the 

pos i t i on  of the s a t e l l i t e  w a s  required when t h e  frequency f 

recorded. This t i m e ,  , w a s  observed t o  be 2016.40 GMT. Reference t o  

Table 3*shows t h a t  f o r  t h i s  p a r t i c u l a r  pass  number, t h e  pred ic t ions  give 

(Sec.  111.c) w a s  xv 

the  equator ia l  crossing t i m e  t as 1941.40 GMT. Therefore, to - tE = 35 E 
minutes and t h i s  i s  the  time difference from t h e  equator t o  the  a c t u a l  

pos i t ion  of t h e  s a t e l l i t e  a t  t he  time t . 
t h a t  fo r  l a t i t ude  60" (EY ) the  quant i ty  + 

l a t i t u d e  50" ( E Y  ) the  quac t i ty  t - t i s  37.70 minutes. Thus, the  

pass is known t o  be north-south.  

and d t  = 37 - 34.65 = .35 minutes 

Reference t o  Table 4 i nd ica t e s  
0 

- t is 34.65 minutes. For 1 "1 E 
2 2 E  

Hence, A t  = 37.70 - 34.65 = 3.05 minutes 

35 (50 - 60) = 58.85" d t  Y Y + - (y2 - yl) = 60 + - 
1 A t  3 *05 

By a similar  procedime, X, t he  west longitude i s  determined as 122.93" 

The l a t i t u d e s  and longitudes (determined from t a b l e s  s i m i l a r  t o  

Table 4' for !,:-e :r.ossing poifi ts  of t h e  10" la t i tude- longi tude  network 

used f o r  calculat ing the pos i t ion  of the  s u b - s a t e l l i t e  po in t  correspond 

t o  project ions from the  plane of t h e  o r b i t  on t o  the  e a r t h ' s  equa to r i a l  

plane and on t o  a meridian plane respec t ive ly .  I n  the ca lcu la t ions  

described above, l i n e a r  in te rpola t ion  i n  t i m e  w a s  used. If t h e  i n t e r -  

po la t ion  had been made over t h e  curved pa th  of  t h e  Alouette o r b i t ,  s l i g h t l y  

d i f f e ren t  and more accurate values of t h e  longitude and l a t i t u d e  of t h e  

sub - sa t e l l i t e  po in t  would have been derived. 

i s  g rea t e r  i n  the  computed longitudes than  it i s  f o r  t h e  computed l a t i t u d e s  

because of  the high inc l ina t ion  of t h e  o r b i t .  

is  computed i n  Appendix A and is shown t o  be negl ig ib ly  s m a l l  i n  both cases, 

SO t h a t  t he  l i n e a r  in te rpola t ion  used i n  the  ca lcu la t ions  i s  j u s t i f i e d .  

The magnitude of t h e  e r r o r  

The magnitude of t h e  e r r o r  

* See p.  40. 
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Once t h e  geographic coordinates of t he  pos i t ion  of t he  

s a t e l l i t e  a t  the  time to are  known, it i s  possible  t o  deduce the  

magnetic f i e l d  s t rength  and t h e  dip angle a t  t h e  loca t ion  of t he  

s a t e l l i t e .  The procedure f o r  doing t h i s  i s  described below. 

1II.B. DERIVATION OF THE MAGNETIC P M T E R S  AT THE SATELLITE 

The dip angle and gyro-frequency a t  t h e  s a t e l l i t e  may be 

computed d i r e c t l y  from observations of t h e  plasma resonances, gyro - 
resonances, and zero-range echoes which appear on the  ionogram 

(Lockwood 1963, Calvert  and Goe 1963), as described i n  1 I I . C .  

the  dip angle and gyro-frequency may be determined fo r  t he  exact 

loca t ion  o f  t he  s a t e l l i t e  by extrapolation of ground based observations 

of t he  e a r t h ' s  magnetic f i e l d .  These quan t i t i e s  may then be compared 

with those derived d i r e c t l y  from the ionograms and hence used t o  provide 

an indicat ion of the  accuracy of t he  f i e l d  model used fo r  t he  ex t ra -  

po la t ion  from ground based observations. 

both procedures produce the  same r e s u l t  t o  a high degree of accuracy ( 1 I I . C ) .  

Al ternat ively,  

I n  prac t ice ,  it i s  found t h a t  

I n  order t o  determine the dip angle and gyro-frequency f o r  

e lec t rons  at t h e  loca t ion  of t h e  s u b - s a t e l l i t e  point  (determined by t h e  

procedure described i n  I I I . A ) ,  it i s  necessary t o  u t i l i z e  the  bes t  known 

values f o r  these  quan t i t i e s  as measured on the  ground. Extrapolations 

are then made i n  the  manner described below t o  derive these quan t i t i e s  

a t  t h e  height of t h e  s a t e l l i t e .  

ground are  obtained from r e f s .  [3]and [4]. For computational purposes, a 

g r i d  i s  constructed on the  surface of t h e  ea r th  a t  i n t e rva l s  of 2" of 

longitude and l a t i t u d e  i n  the  range 90" t o  146" west longitude and 

6" t o  70" north l a t i t u d e  as shown i n  Fig. 4. 
t o t a l  f i e l d  F (gauss) a t  each point of t h i s  g r i d  i s  then represented as 

a matrix s tored  i n  t h e  d i g i t a l  computer. 

of t he  e a r t h ' s  t o t a l  f i e l d  is shown i n  Table 5* and t h e  dip matrix is  

shown i n  Table 6i+ 
approximated t o  by a trapezium which, a t  l a t i t u d e s  43" t o  45" north has 

t h e  dimensions computed i n  Appendix B and shown i n  Fig. 5 .  I n  prac t ice ,  

except f o r  very high l a t i t udes ,  it i s  s u f f i c i e n t l y  accurate t o  regard 

The magnetic f i e l d  parameters a t  the  

The value of t he  e a r t h ' s  

This matrix of ground values 

The port ion ABCD of t h e  g r i d  shown i n  Fig. 4 may be 
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ABCD as a rectangle  and l i n e a r  in te rpola t ion  may be used t o  determine 

t h e  magnetic f i e l d  parameters ins ide  t h i s  rectangle .  This approximation 

i s  ju s t i f i ed  i n  Appendix B where the  magnitude of  t he  trapezium s ides  

a r e  calculated f o r  a t y p i c a l  example. 

Basically the  ca lcu la t ion  r e l a t e s  t o  t h e  der iva t ion  of t he  

appropriate magnetic parameters f o r  t h e  exact loca t ion  of  t he  s a t e l l i t e  

by interpolat ion i n  the  cor rec t  manner within the  g r i d  system on t h e  

surface of the  ear th .  Once the  value of t h e  e a r t h ’ s  t o t a l  f i e l d  a t  the  

appropriate s u b - s a t e l l i t e  po in t  (T ,  Figs.  4 and 5 )  has been determined, 

an extrapolat ion involving an inverse cube l a w  i s  then made t o  der ive 

t h e  corresponding quant i ty  a t  the  loca t ion  of t he  vehicle .  I n  the  case 

of  t h e  dip angle it i s  assumed t h a t  a t  t h e  loca t ion  of  t h e  s a t e l l i t e ,  

i t s  value is the  same as t h a t  a t  t h e  poin t  T on the  surface of t he  

e a r t h  (Fig.  4 ) .  

Let (x ,y )  be the  coordinates of t he  poin t  T on t h e  g r i d  system 

so t h a t  

whe;? x a:& x a re  consecutive values of t he  longitude g r i d  l i n e s  

and y and y a r e  consecutive values of the  l a t i t u d e  g r i d  l i n e s  (F ig .  5 ) .  
1 2 

1 2 

I n  Fig. 6, t h e  poin ts  ABCD of Fig. 5 a r e  re-drawn a t  the  corners 

of  a rectangle ins tead  of a trapezium and a simple expression, based on 

a rectangular-grid i s  f i r s t  derived f o r  the  magnetic f i e l d  a t  T. It i s  

then shown (Appendix C )  t h a t  a more accurate der ivat ion,  allowing f o r  t h e  

curvature of t h e  g r i d  l i n e s  leads  t o  a simple modif icat ion of t h i s  

expression and it is  shown t h a t  t h e  rectangular  approximation is, i n  

prac t ice ,  su f f i c i en t ly  accurate f o r  observations made a t  Stanford.  

Suppose t h a t  a t  t h e  corners of t h e  g r i d  network ABCD, t he  

magnetic f i e l d  parameter concerned ( i .  e., t he  t o t a l  f i e l d  o r  t h e  dip 

angle)  has the values shown i n  Fig. 6 so t h a t  t h e  t o t a l  f i e l d  (or dip 

angle as the case may be)  takes  t h e  values z z and z a t  the  

poin ts  D, C and B respect ively.  
1’ 2’ 3 
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For convenience we write 

x = x - x l ;  Y = y -  Y 1  

a = x2 - xl; 2 - y1 b = y  

p = z 2 - z 1 ;  q = z  - z  3 1  

Thus a and b correspond t o  the  gr id  spacing (2' i n  t h e  computations 

described) and p and q correspond t o  tabular  differences i n  the  

magnetic f i e l d  matr ices  (Table 5 o r  6 ) .  

From Fig. 6, 

Now 

M M '  = - p  X M D  - M M' - -  
a c C '  - C D  . *  

and 

N N '  
B B '  =DB D N  . . . N N ' = ; q  Y 

Thus 

So t h a t  t h e  value of t h e  magnetic f i e l d  parameter a t  t h e  s u b - s a t e l l i t e  

po in t ,  T, is given by 
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o r  

X Y z = - p + -  
a b ' +  '1 ( 5 )  

I n  Appendix C it i s  shown t h a t  t h e  expression ( 5 )  i s  modified 

when t h e  curvature of t h e  l i n e s  ABCD is  allowed f o r  so  t h a t  z is  given 

by 

where 8 and 8 a r e  t h e  angles shown i n  Fig. 4. 

The t abu la r  d i f fe rences  p and q (Table 5 )  do not 

1 

exceed . O l 5  
gauss and 8 never exceeds 8 

t o t a l  f i e l d  z a t  T ca lcu la ted  assuming cos B/cos el = 1 i n  (6)  does not 

exceed .001 gauss f o r  values of 8 up t o  86". 
rectangular g r i d  formula ( 5 )  can be used i n  p r a c t i c e  f o r  t h e  ana lys i s  

o f  topside ionograms received a t  Stanford. Indeed, fo r  a g r i d  of 

spacing 2", an accuracy of .001 gauss i n  t h e  computed value of z would 

be c'btained even i f  t h e  t abu la r  d i f fe rences  (Table 5 )  were as g r e a t  a t  

.05 gauss. I n  p rac t i ce ,  t h e  accuracy l i m i t a t i o n  arises from t h e  

trapezoidal cont rac t ion  of t he  longitude meridians as one proceeds from 

t h e  equator towards t h e  poles.  The cont rac t ion  of meridians i s  discussed 

i n  Appendix B i n  which it i s  shown t h a t  t h e  l a t i t u d e  and longitude g r i d  

of spacing 2" is, i n  f ac t ,  s a t i s f a c t o r y  fo r  determining t h e  t w o  magnetic 

f i e l d  parameters a t  the  a c t u a l  loca t ion  of t h e  s a t e l l i t e  provided t h e  

l a t i t u d e  does not exceed 86" (a  l a t i t u d e  never reached by Alouette) . 

+ 2". Hence t h e  e r r o r  i n  t h e  computed 1 

I n  o the r  words, t h e  

A s  an  example, t h e  value of t h e  t o t a l  f i e l d  z at  t h e  sub- 

sa te l l i t e  point T i s  computed below f o r  a tops ide  ionogrm recorded 

a t  Stanford a t  2016.40 W on 9 th  December 1962, pass number 977 
(Sec t ion  1 I I . A ) .  We have, f o r  t he  po in t  T 

x = longitude west = 122.93"; y = l a t i t u d e  nor th  = 58.85" 
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From Table 5 we f i nd  

x = 122" 1 

X = 0.93" 

x = 124" 2 

Y1 = 58" 

Y = 0.85" 

y2 = 60" 

z = .593 gauss 1 

z = .592 gauss 
2 

z3 = .594 gauss 

Thus 

a = x  - X  = 2 " ;  b = y  - y1 = 2" 
2 1  

- .001 gauss 2 - z 1 - -  

3 - z1 

p = z  

= + .001 gauss q = z  

Hence 

z = z + fi + qY - .593 gauss l a  b -  

Similarly,  for  the dip angle (Table 6) 

z = 81.2' 

z = 80.7" 

z3 = 82.4" 

1 

2 

and x, x , x , y, yl, y29 are  as given above. 1 2  
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Then 

p = -  0 .5 ;  q = 1.2 

Hence the  dip angle, z, at  the  satel l i te  i s  given by 

I n  t h i s  sect ion it has been shown how the  magnetic parameters a t  

the s a t e l l i t e  may be derived from ext rapola t ion  of  ground measured 

values provided the  pos i t i on  of the s a t e l l i t e  a t  a given t i m e  i s  known 

accurately.  It i s  possible  however t o  deduce the magnitude of t he  

e a r t h ' s  f i e l d  a t  the  loca t ion  of the vehicle  and a l so  t o  ca l cu la t e  t he  

value of the dip angle a t  t he  s a t e l l i t e  from measurements on some of  t h e  

resonance phenomena which a re  observed on the  ionogram i t s e l f .  Before 

the  procedures f o r  doing so a re  out l ined,  t he  main fea tures  of tops ide  

ionograms observed a t  Stanford a r e  presented and the nomenclature used 

i n  t h e i r  analysis  i s  given. 

1 I I . C .  CALCTJLATION OF THE ELECmON DENSITY AT THE SATELLITE 

The main fea tures  of a t y p i c a l  daytime ionogram observed at 

Stanford are presented schematically i n  Fig. 7. I n  t h i s  diagram both 

the  t r a c e s  produced by the  r e f l e c t e d  rays and t h e  resonance phenomena 

a re  indicated.  The nomenclature used t o  describe t h e  main fea tures  of  

these  ionograms is  shown on the  diagram and de ta i l ed  i n  Table 7. The 

plasma resonance phenomena observed on the  Alouette ionograms a r e  not 

discussed i n  d e t a i l  i n  t h i s  r epor t .  However, t h e  relevant  magneto-ionic 

conditions which a re  s a t i s f i e d  by the  main resonance phenomena and a l so  

by the  zero range r e f l e c t i o n  conditions are summarized i n  Table 8. The 

equations (7) t o  (12)  of Table 8 can be solved f o r  t h e  t h r e e  unknowns 
X, Y andQgand hence fo r  f the  plasma frequency a t  the  vehicle,  f o r  

fHv, t he  electron gyro-frequency a t  the  height  of  t he  vehicle,  and fo r  

8 9 the  value of t he  dip angle a t  t h e  vehicle  (Lockwood 1963). 

Nv' 

V 
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TABLE 7 

NOMENCLATURE 

V 

CPAZ 

f 

f N  

fNV 

0v 

fxv 

fZv 

fMv 

fNv 

ZOO 
f 

f H  

fHV 

v 0 

X 

Y 

The s u f f i x  v is  used t o  denote t h e  value of a quant i ty  measured 
at, o r  corresponding to ,  the loca t ion  o f  the vehic le .  

Greenwich Mean Time  of  t he  poin t  of c l o s e s t  approach of  the  
vehicle  t o  the receiving s t a t ion .  

Frequency. 

Plasma frequency. 

Plasma frequency a t  the  vehicle.  

Frequency a t  which Ordinary ray  has zero range ( X  = 1). 
the  same as t h e  plasma frequency a t  t h e  vehicle ,  

Frequency a t  which Extraordinary ray  has zero range ( X  = 1 - Y). 

T h i s  i s  

fNV'  

Frequency a t  which Z ray  has zero range ( X  = 1 + Y ) .  

Plasma resonance ( X  = 1 - Y ) .  

Plasma resonance ( X  = 1). 
the  Ordinary t r a c e  zero range echoes. 

2 

This i s  t h e  same as t h e  frequency f o r  

Frequency a t  which Z t race  has i n f i n i t e  v i r t u a l  depth 
9 

) 
1 - Y L  

2 2  (x = 
1 - Y cos ( T / 2 -  ev) 

Electron gyro - frequency. 

Electron gyro-frequency at t h e  vehicle .  

Dip angle a t  t h e  vehic le .  
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Thus, fo r  example, equation ( g ) ,  giving the condi t ion X = 1 f o r  the  

plasma resonance ( o r  0 spike)  can be used immediately t o  give the  plasma 

frequency a t  t he  vehicle  s ince t h i s  i s  simply t h e  frequency a t  which 

the  plasma resonance ( o r  0 spike) is observed (Fig.  7) .  Similarly,  t h e  

equation ( 7 )  can be used t o  give the value of t h e  gyro-frequency a t  the  

vehicle  from a d i r e c t  measurement of t h e  frequency a t  which the  cyclotron 

liarmonics a r e  observed. These values of f mAd f may the= be s l b s t i -  

t u t ed  i n t o  equation (10) t o  give the dip angle a t  the  vehicle  Bv. 

magnitudes O P  the  d ip  aiigle arid t he  g j ~ o - f r z q u e n ~ y  at the  ~ e h i ~ l c  

deduced as above may then be coinpared with the  values computed by 

the method described i n  the  previous sec t ion  and an estimate may be 

obtained i n  t h i s  way of the r e l i a b i l i t y  of the  model used fo r  ex t rapola t -  

ing the  observed values o f  t he  f i e l d  parameters measured a t  the  ground. 

I n  prac t ice ,  e i t h e r  technique i s  s u f f i c i e n t l y  accurate  f o r  the  calcula-  

t i o n  of e l ec t ron  dens i t i e s  using the  procedures described below. 

Hv Nv 
The 

An inspect ion of t he  ionograms received a t  Stanford ind ica tes  t h a t  

the  Extraordinary ray  t r a c e  is usual ly  the  most c l e a r l y  v i s i b l e  on t h e  

ionogram and, unlike t h e  case of the  Ordinary r ay  t r ace ,  the  frequency 

a t  which the  Extraordinary ray  has zero range is  usua l ly  e a s i l y  recognized. 

This frequency, fxv, (Fig.  7) has accordingly been measured and equation 

(12), corresponding t o  the  condition X = 1 - Y has been used t o  determine 

the  value of  the e lec t ron  density a t  t h e  vehicle .  Thus, 

= f *  - f  2 
fNv xv xv fHv 

I n  the r e s u l t s  which a r e  described i n  Section I V ,  t h e  magnetic f i e l d  

p a r m e t e r s  were deduced from the extrapolated ground values r a t h e r  than 

from d i r e c t  measurements on the  ionograms. I n  t h i s  case, t he  e l ec t ron  

gyro-frequency f 

computed a t  t h e  vehicle  from the equation fHv = 2.84 F 

given i n  megacycles per second and F i s  i n  gauss. F w a s  ca lcu la ted  

from F, t h e  value of the  e a r t h ' s  t o t a l  f i e l d  a t  the  ground using 

inverse  cube r e l a t i o n .  The use of a more accurate  model f o r  t h e  extrap-  

o l a t i o n  from the  value of the t o t a l  f i e l d  a t  the  ground t o  t h e  value a t  

w a s  derived from t h e  value of  t h e  t o t a l  f i e l d  Fv 
Hv 

where fHv i s  
V 

V v 
an 
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t h e  vehicle indicates  t h a t  t h e  inverse cube ex t rapola t ion  leads t o  

e r r o r s  of about 27 kc/s ( i .  e., about 2.5%) i n  t h e  value o f  f 

(E. L. Hagg and G. L. Nelms p r iva t e  communication). 
Hv 

For example f o r  pass number 977 considered previously, t h e  sa te l l i t e  

was a t  geographic l a t i t u d e  58.85" N and geographic longitude 122.93O W 

at  2016.40 GMT when t h e  frequency fxv w a s  observed t o  be 1 . 5  Mc/s. 

t o t a l  i n t ens i ty  of the  e a r t h ' s  magnetic f i e l d  a t  t h e  ground is  determined 

as .593 gauss f o r  t h i s  locat ion.  Hence t h e  gyro-frequency f o r  e lec t rons  

a t  t he  vehicle, fHv, i s  calculated as 1.09 Mc/s which agrees with t h e  

value obtained by d i r e c t  measurement of t h e  gyro resonances. Subst i tu-  

t i o n  i n  (12) gives the  plasma frequency N 

The 

at  t h e  vehicle 
V 

4 2  4 N = 1.24 x 10 ( fNv) = 1.24 x 10 (2.25 - 1.5 x 1.09) v 

N = 9000 e lec t rons  per  C . C .  v 

The actua.1 ca lcu la t ion  of t he  e lec t ron  densi ty  a t  t h e  vehicle  from 

equation (12) i s  performed using a d i g i t a l  computer program which i s  

discussed b r i e f l y  i n  Appendix D. 

frequency a t  which the  Extraordinary r ay  t r a c e  has zero range, 

together  with the  time a t  which f was observed, t the  pass number 

and t h e  time and longitude of t h e  equator ia l  crossing f o r  t he  pass 

concerned. The pr inted output from the computer gives t h e  e lec t ron  

densi ty  at t h e  vehicle, 

of t h e  vehicle, the  time of observation, the  magnetic dip angle and the  

e lec t ron  gyro-frequency a t  t h e  loca t ion  of t h e  vehicle a t  t h e  t i m e  

concerned (See Appendix D) . 
t ape  which can be f'urther processed so t h a t  t h e  e lec t ron  densi ty  a t  t h e  

vehicle, for  a given pass , i s  automatically p l o t t e d  against  dip l a t i t ude*  

o r  l o c a l  time a t  t he  vehicle  as  desired.  

The program requi res  as input t h e  

fXv9 

XV 0' 

together  with data  about the  loca t ion  Nv7 

The output da ta  a re  obtained on magnetic 

* The nomenclature used i s  t h a t  recommended by Chapman (1963). 
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The r e s u l t  of  carrying out calculat ions of t h e  kind ou t l ined  above 

using da ta  from a la rge  number of  topside ionograms i s  presented i n  

Sect ion IV vhere the  accuracy o f  the derived e l ec t ron  d e n s i t i e s  i s  a l s o  

considered i n  de ta i l .  

1 I I . D .  PROGRAM OF OBSERVATIONS AND DESCRIPTION OF TYPICAL IONOGRAMS 

Ionograms from the  Alouette topside sounder were recorded whenever 

the  vehic le  could be acquired by the s a - k l l i t e  monitoring f a c i l i t y .  Two 

passes  per  day were recorded, t he  te lemetry s igna l s  being received over 

a per iod  of  approximately twelve minutes per  pass  so  t h a t  under favorable 

circumstances approximately 40 ionograms could be obtained covering a 

range of  l a t i t u d e s  which, under the b e s t  circumstances, could extend 

from about 7" N t o  67" N geographic f o r  each pass .  

format used fo r  t h e  d isp lay  of  the v i r t u a l  depth data i s  i l l u s t r a t e d .  

I n  Fig. 8 t h e  video 

From the  Alouette ionograms which were recorded, some t y p i c a l  

examples have been picked t o  show some of t h e  main features which 

were observed and t hese  are i l l u s t r a t e d  i n  t h e  sequence o f  f igu res  

l a b e l l e d  9 - 24. Table 9 * s m a r i z e s  information concerning these  

ionograms and presents  a b r i e f  account of  t h e  main features which the  

p a r t i c u l a r  examples are meant t o  i l l u s t r a t e .  

I V .  RESULTS OF TKE CALCULATIONS 

I n  a companion paper (Thomas and Westover 1963), a de t a i l ed  

descr ip t ion  i s  given of  a d i g i t a l  computer program f o r  converting t h e  

information contained i n  the  r e f l ec t ed  ray t r a c e s  observed on topside 

ionograms in to  e l ec t ron  dens i ty  p r o f i l e s  f o r  t h e  upper p a r t  of the  F 
region and examples were given i n  t h a t  repor t  of some derived tops ide  

N(h) p r o f i l e s .  

tk e lec t ron  dens i ty  a t  t h e  vehicle and i n  p a r t i c u l a r  with t h e  determina- 

t i o n  of  t h e  diurna1,seasonal and l a t i t u d i n a l  va r i a t ions  of t h i s  quan- 

t i t y  a t  t h e  Alouette o r b i t .  Some of  t h e  main r e s u l t s  of t h e  

ca lcu la t ions  are described below. 

* See end of repor t ,  page 46. 

The present  report  i s  concerned with t h e  ca l cu la t ion  of 
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A number of passes were se lec ted  fo r  de t a i l ed  study from the  

regular  sequence of t w i c e  da i ly  s e t s  of ionograms monitored as a rout ine 

by t h e  Radioscience Laboratory. 

o f  days and nights  se lec ted  t o  correspond t o  swnmer and winter conditions 

i n  t h e  northern hemisphere and include r e s u l t s  fo r  January, May, June and 

Ju ly  1963 and December 1962. 

The da ta  examined were f o r  a s e r i e s  

I V  .A. LATITUDINAL, DIURNAL AND SEASONAL VARIATIONS. 

I n  Fig. 25a t h e  observed mid-day values of t h e  quant i ty  f a r e  

p l o t t e d  for a s e r i e s  of days se lec ted  t o  represent  s m e r  and winter 

conditions as  a function o f  dip l a t i t u d e :  each point  corresponds t o  

one ionogram. I n  Fig. 25b t h e  data  of  Fig. 25a have been converted 

in to  electron dens i t i e s  a t  t h e  s a t e l l i t e  using equation (12 ) .  

c l ea r  from Fig. 25b t h a t  during the  daytime t h e  e lec t ron  densi ty  f a l l s  

uniformly from low t o  high l a t i t u d e s  and it is c l e a r  a l so  t h a t  t h e  

e lec t ron  density i n  winter a t  a given l a t i t u d e  i s  lower than t h a t  i n  

summer. These observations were made when t h e  Greenwich Mean Times 

of t he  point of c loses t  approach of the vehicle t o  Stanford were as 

shown on the diagrams so  t h a t  t h e  r e s u l t s  o f  Figs. 25a,b correspond 

roughly t o  l o c a l  noon conditions at t h e  vehicle .  I n  Fig. 26a,b t h e  

corresponding quan t i t i e s  are  shown fo r  a s e r i e s  of s m e r  and winter 

nights .  

t he  electron density reaches a minimum at a dip l a t i t u d e  of approximately 

65" N and an examination o f  t he  curves fo r  the  12th, 13th and 14th of 

June a l so  indicates  t he  existence of a sharp l o c a l  increase of e lec t ron  

densi ty  a t  approximately a dip l a t i t u d e  of 74" N on each night .  

r e s u l t s  f o r  winter nights  show a steady but  s m a l l  decrease of e lec t ron  

densi ty  with increasing l a t i t u d e .  

correspond t o  Greenwich Mean Times a t  t h e  vehicle  which a r e  as indicated 

so t h a t  the observations correspond t o  l o c a l  midnight at  t h e  vehicle 

approximately. 

shown i n  Figs. 25a,b and 26a,b a re  t y p i c a l  of t h e  data  examined. 

qu i te  c l ea r  t h a t  the  observations repeat  themselves cons is ten t ly  and 

XV 

It is  

Reference t o  Fig. 26b ind ica tes  t h a t  during t h e  summer night  

The 

Again, t h e  r e s u l t s  o f  Fig. 26b 

Altogether lo5 passes were s tud ied  and t he  r e s u l t s  

It i s  
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t h a t  t h e  Alouette experiment provides an extremely r e l i a b l e  and accurate  

technique fo r  obtaining the  electron densi ty  a t  1000 kilometers i n  a 

very simple way. The data of Figs. 25 and 26 give a sample, se lec ted  

a t  random from the 105 passes examined. I n  Figs. 27 and 28 a mean 

curve has been drawn through the observations f o r  a number of 

In t e rna t iona l  Quiet Days so t h a t  a representa t ive  var ia t ion  of Nv with 

dip l a t i t u d e  i s  obtained fo r  s m e r  and winter daytime and nighttime 

conditions.  Due t o  the  precession of t h e  o r b i t ,  it is  possible  by 

taking r e s u l t s  over a long period o f  t i m e ,  t o  det,emine t h e  d iurna l  

va r i a t ion  of t he  e lec t ron  density a t  t he  s a t e l l i t e .  Typical r e s u l t s  

are shown i n  Fig. 29 i n  which the  va r i a t ion  i n  e lec t ron  densi ty  a t  

1000 kilometers i s  given as  a function of l o c a l  t i m e  a t  t h e  vehicle  

for t h e  daytime period near noon. The e lec t ron  densi ty  is  p l o t t e d  

both f o r  summer ( c i r c l e s )  and f o r  winter ( d o t s ) .  The r e s u l t s  

shown i n  Fig. 29 correspond t o  the dip l a t i t u d e  range 45" t o  55" North 

and t h e  individual  points  correspond t o  d i f f e ren t  days so tha t  the 

spread i n  these  observations may a r i s e  from day-to-day var ia t ions  a t  

the  loca t ion  of t he  vehicle.  I n  Fig. 29 a smooth l i n e  has been drawn 

through t h e  Plotted points 

series of dip lati tude ranges and smooth l i n e s  were drawn through the  

p l o t t e d  points. These curves a r e  drawn for t h e  summer observations i n  

Fig. 30 and fo r  the  winter observations i n  Fig. 31. It i s  in t e re s t ing  

t o  compare the  r e s u l t s  i l l u s t r a t e d  i n  these  two figures. An examination 

of Fig. 30 ind ica tes  t h a t  the  diurnal va r i a t ion  i s  not t h e  same at  

d i f f e ren t  l a t i t u d e s  and t h a t  t he  t i m e  a t  which t h e  m a x i m u m  e lec t ron  

dens i ty  at  1000 kilometers i s  reached depends on the dip l a t i t u d e .  

high l a t i t u d e s  t h e  peak occurs about ha l f  an hour after noon whereas a t  

low l a t i t u d e s  it occurs about one and a ha l f  hours after noon. 

Similar r e s u l t s  were derived f o r  a whole 

A t  

The decrease i n  e lec t ron  density a t  a given t i m e  w i t h  increasing 

l a t i t u d e  i s  a l so  i l l u s t r a t e d  i n  Figs. 30 and 31. A comparison of t h e  

r e s u l t s  of Fig. 30 corresponding t o  summer observations with those of 

Fig.  31 corresponding t o  winter observations, ind ica tes  t h a t  t h e  general  

l e v e l  of e lec t ron  density over a given geomagnetic l a t i t u d e  range i s  

lower i n  winter than it is  i n  summer and t h a t  i n  a given geomagnetic 

- 2 1  - SEL 64-007 



l a t i t u d e  range the  e l ec t ron  dens i ty  i n  summer can be approximately 

twice t h a t  i n  winter  a t  a given t i m e .  The winter  observat ions do not  

show t h e  marked increase i n  e l ec t ron  dens i ty  which occurs after noon 

i n  t h e  summer observations,  although t h e r e  i s  again evidence t h a t  t h e  

maximum i s  reached later i n  t h e  af'ternoon i n  low l a t i t u d e s  than it i s  

a t  high l a t i t udes .  Typical daytime e l ec t ron  d e n s i t i e s  i n  summer a t  

1000 kilometers a t  noon during 1963 are of t he  order  of 15,000 t o  

20,000 electrons per  cubic centimeter with perhaps as many as 30,000 
e lec t rons  per cubic centimeter at very low l a t i t u d e s .  I n  winter  at 

noon t h e  number of  e l ec t rons  var ied  from about 8,000 t o  10,00O/cm . 
The electron densi ty  i n  the  nighttime ionosphere a t  about 1000 k i lo -  

meters i s  i l l u s t r a t e d  i n  Fig.  32 i n  which observations f o r  both 

summer and winter  are shown. A n  examination of  t he  nighttime e l ec t ron  

d e n s i t i e s  observed over a series of l a t i t u d e  ranges ind ica t e s  t h a t  

a f t e r  midnight t he re  is  no s t rong dependence of t he  nocturnal  Nv 

v a r i a t i o n  on l a t i t u d e  and it i s  therefore  convenient t o  present  a l l  

t h e  r e s u l t s  over t he  l a t i t u d e  range 45" t o  75" North magnetic i n  one 

diagram, Fig. 32. An examination of  Fig.  32 ind ica t e s  t h a t  t h e  

e l ec t ron  density at 1000 kilometers shows considerable va r i a t ion  from 

night  t o  night w i t h  e l ec t ron  dens i t i e s  a t  midnight ranging from 1,000 

3 

per  em' t o  10,000 per  cm3 with 5,000 per  cm3 as a mean f igu re .  

1V.B. THE ACCUMCY OF THE OBSERVATIONS 

The absolute e r r o r  mV i n  N t h e  e l ec t ron  dens i ty  a t  the  
V' 

4 2  4 
computed from (12)  i s  given by 

) mv = 1.24  x 10 A ( f  = 1 .24  x 10 A fxv (2fxv - fH) 
Nv 

vehicle  

(13) 

where Afxv i s  the e r r o r  i n  measurement of  t he  quant i ty  f 

e r r o r  i s  

The r e l a t i v e  
XV' 
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It i s  c l e a r  t h a t  t he  magnitude of t h e  e r r o r  i n  f and hence i n  N 

depends on the  magnitude of t h e  observed quant i ty  fxv and on the  accuracy t o  

which it can be measured (+ - .05 Mc/s). 

r e l a t i v e l y  l a rge  the e r r o r  i n  electron dens i ty  derived using equation 

(12) i s  negl ig ib ly  s m a l l .  

veh ic le  f a l l s  from i t s  daytime t o  its nighttime value and as fxv 

approaches the  e l ec t ron  gyro-frequency f it i s  c l e a r  t h a t  the 

e l ec t ron  density a t  the vehicle w i l l  then be computed from the  
? 

di f fe rence  of  two s m a l l  and almost equal quan t i t i e s ,  namely, f- xv 

and fHvfxv and the absolute and r e l a t i v e  e r r o r s  i n  Nv become l a rge .  

Under these  circumstances, it i s  bes t  f o r  t h e  nighttime observations 

t o  compute the  e l ec t ron  dens i ty  a t  t he  vehic le  not from t h e  quantity 

corresponding t o  the  frequency a t  which Extraordinary t r a c e s  

Nv V 

D z i n g  the daytime when fxv i s  

However, as the  e l ec t ron  dens i ty  a t  t he  

” 

fXV 
zero range but  from the  plasma resonance corresponding t o  t h e  condition 

X = 1. The magnitude of t h e  e r ro r  i n  N r e s u l t i n g  from t h e  use of 

equation (12)  has been computed from (15) and (14)  and is  shown i n  Table 10 

f o r  d i f f e r e n t  assumed values of f f o r  Af  

technique using the Extraordinary t r a c e  becomes un re l i ab le  f o r  very 

low values of f - fHv i s  l e s s  xv XV 

than 0.8 Mc/s. Thus it i s  l i k e l y  t h a t  nighttime e l ec t ron  d e n s i t i e s  

deduced from the  Extraordinary t race  corresponding t o  values of less 

than  2,000 e l ec t rons  pe r  cubic centimeter a r e  somewhat un re l i ab le  and 

f o r  these  occasions, the  X = 1 resonance provides a b e t t e r  measurement. 

However, as can be seen from Table 10, except under the  circumstances 

j u s t  outl ined, the e l ec t ron  density a t  t h e  vehic le  can be determined 

from (12) t o  an accuracy of be t t e r  than - + 10%. Thus, apa r t  from the 

need ind ica ted  above f o r  caution when using t h e  Extraordinary t r a c e  

when the  e l ec t ron  dens i ty  at the vehicle is  low, the  technique described 

i n  t h i s  r epor t  o f f e r s  a very simple and accura te  way of determining t h e  

e l ec t ron  dens i ty  a t  the Alouette o r b i t  and i t s  va r i a t ions  w i t h  t i m e .  

V 

= .05 Mc/s. It i s  c l e a r  t h a t  t h e  
Hv XV 

and is  probably not s a fe  t o  use when f 

* 
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V. CONCLUSIONS 

It has  been shown t h a t  a measurement of t he  frequency a t  which the  

Extraordinary ray t r a c e  observed on topside ionograms has zero range 

provides a r ap id  and accurate  technique f o r  determining t h e  e l ec t ron  

dens i ty  a t  t he  loca t ion  of t h e  Alouette s a t e l l i t e .  The ca l cu la t ion  

requi res  a knowledge of t h e  dip angle and t h e  gyro-frequency f o r  

e lec t rons  a t  the loca t ion  of the vehicle .  These can be derived from 

extrapolated values of  t he  e a r t h ' s  f i e l d  as measured a t  the ground 

(provided the  pos i t i on  of the  s a t e l l i t e  a t  a given t i m e  is  known 

accurate1y)or from observations on the  ionograms themselves. 

f o r  calculat ing the  pos i t i on  of  the  s a t e l l i t e  from accurate  p o s i t i o n a l  

da ta  determined from the Alouette o r b i t a l  elements were described. 

Techniques 

Using these techniques, the  l a t i t u d i n a l ,  d iu rna l  and seasonal  

var ia t ions  o f  t he  e l ec t ron  dens i ty  a t  the  Alouette o r b i t  have been 

determined f o r  conditions representa t ive  of summer and winter  daytime 

and nighttime per iods.  It i s  observed t h a t  t h e  e l ec t ron  dens i ty  a t  

1000 kilometers va r i e s  from nighttime minimum values  of approximately 

2,000 electrons per  cc t o  daytime maximum values  l i k e l y  t o  be reached 

near t h e  magnetic equator of  about 40,000 e l ec t rons  per  cc .  

e l ec t ron  density fa l l s  s t e a d i l y  from low l a t i t u d e s  t o  high l a t i t u d e s  

and i s  grea te r  i n  summer than i n  winter  by a f a c t o r  o f  the  order  o f  

two. The s m e r  daytime va r i a t ions  i n  e l ec t ron  dens i ty  a t  the  vehicle  

a r e  in t e re s t ing  i n  t h a t  they show t h a t  t h e  maximum value of  e l ec t ron  

dens i ty  a t  t h i s  l e v e l  is  reached much later i n  t h e  af ternoon a t  low 

Lat i tudes than it i s  a t  high l a t i t u d e s .  

The 
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APPENDIX A. THE CALCULATION OF THE'LATITKDE AND LONGITUDE OF THE 

SUB-SATELLITE POINT 

It i s  assumed t h a t  t h e  o r b i t a l  t r a j e c t o r y  of t h e  Alouette s a t e l l i t e  

i s  p lanar  over t h e  l a t i t u d e  range of 10" considered below. 

o r b i t  is almost c i r c u l a r  so t h a t  the d is tance  from t h e  center  of t he  

e a r t h  is almost constant, t he  t r a j e c t o r y  i n  t h i s  plane could be defined 

as a function \Ir = f ( w ) ,  where w i s  t h e  azimuth i n  t h e  o r b i t a l  plane ATC 

(F ig .  A . l )  and i s  the  angle (measured ciockwise'j from t'ne equa to r i a l  

c ross ing  poin t  t o  t h e  po in t  corresponding t o  the  pro jec t ion  of  t he  

s a t e l l i t e  on t o  t h e  plane of t h e  equator. T i n  t h i s  f i gu re  corresponds 

t o  t h e  s u b - s a t e l l i t e  po in t  and may be represented by the  coordinates 

(w, e )  or ( $, e ) .  I n  accordance with Kepler 's  l a w s ,  t h e  a rea  swept 

out by t h e  rad ius  vector t o  t h e  s a t e l l i t e  during u n i t  time is propor t iona l  

t o  t h e  azimuth w defined above. 

similar t o  Table 4) f o r  t h e  crossing po in t s  of t he  10" la t i tude- longi tude  

network used f o r  ca l cu la t ing  the  pos i t ion  of  t h e  s u b - s a t e l l i t e  po in t  

(Section 1 I I . A )  correspond t o  projections from the  plane of  t h e  o r b i t  

on t o  the  equa to r i a l  plane.  I n  t h e  ca l cu la t ions  described, l i n e a r  

i n t e rpo la t ion  i n  time using these longitudes are made. If t h e  i n t e r -  

po la t ion  had been ca r r i ed  out over t h e  curved pa th  of  t h e  Alouette 

o r b i t ,  a s l i g h t l y  d i f f e r e n t  and more accura te  longitude would have 

been derived f o r  t h e  sub - sa t e l l i t e  po in t .  The magnitude of  t h i s  e r r o r  

is  evaluated below. 

Since the  

The longitudes (determined from t a b l e s  

From t h e  o r b i t a l  elements, t h e  i n c l i n a t i o n  of t he  plane o r b i t  i s  

known t o  be 80.464" so t h a t  t he  complement @ of t h i s  angle (F ig .  A . l )  

is  9.534". 
t h e  plane of  t h e  equator with OY corresponding t o  t h e  d i r ec t ion  of  a 

south-north equa to r i a l  crossing o f  t h e  satel l i te .  The equation of  t h e  

o r b i t a l  plane i n  t h i s  coordinate system (F ig .  A . l )  i s  

Consider t he  rectangular coordinate system OXYZ defined i n  

- -  - -  t a n  B 
Z 

--t 

For the  same system i n  spher ica l  coordinates a u n i t  vector, U, w i l l  

have t h e  components 

-25 - SEL 64-007 



-. x-. Y - ? + E ;  T J = -  i + -  
P P J  P where 

+ + + 
R = X ? + Y S + Z k = P  U 

- - +  -w 
a d  i, j, and k are u n i t  vec tors  along OX, OY, and OZ respec t ive ly ,  

p 

i s  t h e  angle between t h e  plane OXY and t h e  l i n e  OP (Fig.  A. 2 ) .  

Thus 

is  the distance from t h e  o r i g i n  t o  t h e  poin t  concerned (OP), and 8 

* -D -c -c 
U = cos 8 s i n 9  i + cos 8 cos j + s i n  8 k (A.2) 

-c 
If t h e  coordinates of t h e  unit vector U a r e  t o  satism equation (A.l) 
then 

+ -c. - + 
U = - s i n  8 t a n  f3 i + cos 8 cos j + s i n  8 k ( A . 3 )  0 

-c 
and U now l i e s  i n  t h e  o r b i t a l  plane. 

0 

Comparing ( A . 2 )  and ( A . 3 )  

cos 8 s i n  = - s i n  8 t a n  @ * 
so that  

s i n p  = - t a n  8 t a n  

- P +  

The vector product U . j may be wr i t t en  
0 

+ s i n  e T] . (3) j 
+ +  + -c 
u 0 . j = {-sin e tan B i + cos e cos 
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Also s ince  t h e  t w o  vec tors  l i e  i n  the o r b i t a l  plane we have 

- c c  - c - -  u . j  = \u0\ ljl cos w = cos w 
0 

Hence 

cos w = cos 8 cos 

For t h e  cross product we may write Fig. A . l  

c -t .c 
n = cos f3 i + s in  B k 

Thus 

- D - t  -c -c 

U x j = - s i n  w (cos @ i + s i n  f3 k)  
0 

A l s o  

4 c  
U x j =  

0 

-c -c 

i j 

- s in  8 t a n  f3 cos e cos y 

0 1 

= - s i n  8 i - s i n  8 t an  p k 

-t -c 

= - ( s i n  8 i - cos 8 s i n y  k)  

-c 
Equating the  k components 

- s i n  w s i n  /3 = cos 8 s i n  

- 27 - 

from (A.4) 
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Dividing ( A . 7 )  by ( A . 5 )  gives 

JI = 231 - a rc t an ( s in  tan w ) =  f ( w )  

The f'unction f (w)  is continuous for all values 0, w so  t h a t :  

= f '  ( w  + Klh) f ( W  + h )  - f ( w )  
h 

where K1 l ies between 0 and 1. 

l i n e a r  corresponds t o  tak ing  t h e  first term o f  t h e  Taylor s e r i e s  f o r  

the in te rva l  h and neglecting t h e  remaining terms. 

be expressed, f o r  t h e  middle o f  t h e  i n t e r v a l  h '  = h/2 

The assumption t h a t V /  = f ( w )  is 

The remainder may 

- h f "  ( W  + K2h') 
2! 

where K l i e s  between 0 and 1. This expression may be approximated by 2 

h' 
2.  ( f '  ( w  + h ' )  - f '  ( w ) )  7 = A, say. 

The re l a t ive  e r ro r  i n  i n  t h e  i n t e r v a l  h is  given by 

I n  
( f '  ( W  + h ' )  - f '  ( w ) )  -4 = 5 = E say, 

and t h i s  is  t h e  neglected term over t h e  i n t e r v a l  concerned. 

Different ia t ing equation (A. 8) gives 

-2 s i n  B 
2 2 f '  (w)  = 

1 + s i n  p + cos 2w cos p 

Subst i tut ing i n  ( A . 9 )  
r 1 

1 
2 + -1 

2 p + cos 2(w + h')cos f3 1 + s i n  B + cos 2w Cos 
(A.  10) 

E = h ' s i n  p 
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where E is  the  r e l a t i v e  e r r o r  A/h. 

I n  order t o  f i n d  a r e l a t i o n  between 8 and w we el iminate  I$ between 

equations (A.4)  and ( A . 5 )  using t'ne i d e n t i t y  

2 2 s i n  Jr + cos Jr = 1 

Thus 

2 2 2 cos w t a n e t a n p + -  = I  
cos2e 

2 2 2 2 
COS w = COS 8 - s i n  8 t a n  f3 

2 cos 28 

cos f3 
cos 2 w = 2  - t a n @  

Since the  l a t i t u d e  i n t e r v a l  is loo, 

(A.ll) 

' -. 
(A.12) 2 - tan f3 cos 2 ( e  + 5)  

2 COS 2 ( w  + h ' )  = 
cos p 

From ( A . l l )  and (A.12) ,  t h e  quant i t ies  w and h '  may be calculated.  

These values of w and h ' ,  together with t h e  value of f3 f o r  t h e  Alouette 

o r b i t  a r e  then subs t i t u t ed  i n  ( A . l O )  t o  give t h e  r e l a t i v e  e r r o r  E. 

The e r r o r  i n  longitude has been computed for Alouette (f3 = 9.536") 
f o r  a s e r i e s  of ranges of l a t i t udes .  The r e s u l t s  a re  shown i n  Table Al. 

It is a l so  possible  t o  compute Jr f o r  s t eps  of one degree i n  8 from 

(A.8 )  us ing the  r e l a t i o n  

s i n  w = sine/cosp 

given immediately above. 

Jr (computed). I n  addition, l i nea r  i n t e rpo la t ion  has been made i n  these  

computed values of 

Jr 
t h i s  t a b l e .  

pos i t i ve  and gives the  m a x i m u m  e r r o r  i n  longitude which can arise over t h e  

p a r t i c u l a r  i n t e r v a l  of l a t i t u d e  concerned. 

This is given i n  Table A 1  i n  t h e  column l abe l l ed  

If at in t eg ra l  mul t ip les  of 10". The r e s u l t i n g  values o f  

( i n t e rpo la t ed )  fo r  t h e  middle of each l a t i t u d e  range are a l so  shown i n  

The difference Jr (computed) - Jr ( in t e rpo la t ed )  is always 

This quant i ty  is shown i n  t h e  
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last column of Table A 1  and agrees with t h e  approximate values, A, o f  t h e  

calculated e r r o r  from the  Taylor expansion shown i n  t h e  t h i r d  column of  

Table A l .  

TABLE Al 

THE ERROR I N  THE CALCULATION OF LONGITUDE 

Geographic 
Latitude 
(Degrees) 

o - 30 

40 - 50 
50 - 60 

30 - 40 

60 - 70 

Latitude at Jr ( I n t e r -  Maximum 
Mid- i n t  e rva l ,  A Jr Computed) pola ted)  Er ror  
h.  (Degrees) (Degrees) [Degrees) (Degrees) (Degrees) 

25 - 07 355 - 51 355.46 0.05 

35 .12 353.24 353 - 17 0.07 
45 .24 350.33 350.1.7 0.16 
55 - 51 346.12 345.77 0.35 
65 1.3 338.88 337.80 1.08 

The in te rpola ted  longitudes a re  too s m a l l  'by an amount which does not 

exceed the value shown i n  t h e  last column of  Table A 1  and it i s  c l e a r  t h a t  

except for very high l a t i t u d e s ,  t h e  e r r o r  due t o  using a l i n e a r  i n t e rpo la -  

t i o n  i n  the determination of longitude is  s m a l l .  

Reference t o  Tables 5 and 6 i nd ica t e s  t h a t  t h e  d i f fe rences  at  t h e  end 

po in t s  of  t h e  2 O  g r i d  network of t h e  values of t o t a l  f i e l d  and dip  angle 

near  70" l a t i t u d e  are of t h e  order of .001 gauss and 0 . 5  degrees respec t ive ly .  

Thus for  t he  range of l a t i t u d e s  r e l evan t  t o  t h e  observations described 

i n  t h i s  report ,  even i f  t h e  maximum poss ib le  e r r o r  i n  t h e  computed longitude 

were t o  occur, t h e  r e s u l t i n g  change i n  the  values of f and 8 ( requi red  i n  

t h e  computation o f  the e l ec t ron  dens i ty  a t  t h e  vehic le )  would be neg l ig ib l e .  
Hv V 

A similar e r r o r  arises i n  the ca l cu la t ion  of  t he  l a t i t u d e  of t h e  

vehic le .  Th i s  e r r o r  may be ca lcu la ted  by a similar procedure using 

2 a r c  cos { cos cos p + s i n  = a r c s i n  (sinw cos p)  1 e = f (w) = 

where t h e  angles are, as before, given i n  Figs.  A . 1  and A.2,  ( c . f .  ( A . 8 ) ) .  

An evaluation of t h e  magnitude of t h i s  e r r o r  i n  l a t i t u d e  shows t h a t  

it i s  even smaller than t h a t  computed above f o r  longitudes s ince  t h e  

plane o f  the o r b i t  is highly inc l ined  t o  t h e  e q u a t o r i a l  plane. 
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-. '.'-:e E.iz"?erer,ce i n  iengc-s %&:.reen A 4  and CD, Figs. 4 and 5, can 

be m p r e s s e s  r e l a t i v e l y  to the  s3orter p a r a l l e l  AB. 
We k v e  

where k = T / l @  w-d 3n i s  the d is tance  from A o r  B t o  t h e  ax i s  of 
< 

I h e  ea r th  ( l i n e  Gassing through the geographic poles .  Thus, i f  R is 

t h e  e a r t h ' s  radius  

1 CD = 2 k 3 ~ 0 s  8 

So t h a t  

Writing 

e + e2 1 
2 cos el - cos e2 = 2 s i n  ( 

And not ing t h a t  

e = e  + 2 0  
2 1  

Then 

( C D  - AB) = .0698~ s i n  ( 8  + 1)' s i n  1' 
1 

And 
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APPENDIX B. (continued) 

For 8 = 45" and 8 = 43" we f i nd  AB 2 157.2 km, CD 2 162.6 Inn 2 1 

From Figure 4 it is seen t h a t  

2 t a n  6/2 = a/c and b = c s i n  8 '  

Thus for 0 = 44" 

a tan 8/2 = - 2b s i n  e' = s i n  el tan  (1') = .012 

From Figure 4 

CD - AB = 2 BD t a n  6/2 = 5.39 h 

Thus for the ca lcu la t ion  of t h e  f i e l d  parameters, t h e  difference i n  

t h e  lengths of  t h e  p a r a l l e l s  AB and CD may be neglected for t he  

loca t ion  o f  Stanford and f o r  a l l  l a t i t u d e s  below approximately 86". 
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APPENDIX C .  INTERPOLATION I N  CURVILINEAR COORDINATES - THE DERIVATION 

OF EQUATION (6 ) .  

L e t  z be a s c a l a r  parameter defining t h e  magnetic f i e l d  a t  the  

s u b - s a t e l l i t e  po in t  T (Fig.  C . l ) .  

coordinates of t h e  poin t  T on the sphere represent ing t h e  e a r t h .  The 

o r i g i n  f o r  t h i s  coordinate system is taken as t h e  po in t  D i n  the  g r i d  

network ABCD of spacing 2 O .  

p a r a l l e l  a t  t he  l a t i t u d e  through T from t h e  meridian through BD having 

a w e s t  longitude @. 
T from t h e  p a r a l l e l  a t  l a t i t u d e  8 .  The corresponding coordinates 

r e f e r r e d  t o  the  in t e r sec t ion  o f  t h e  Greenwich meridian and the  plane 

of the  equator as o r i g i n  are denoted by 1 and m respec t ive ly .  

L e t  L and M be the  cu rv i l i nea r  

L is thus  the  length measured along t h e  

M i s  t h e  length measured along t h e  meridian through 

L e t  1 and 1 $e consecutive values o f  t h e  longi tude g r i d  l i n e s  1 2 
and ml and m 

It should be noted t h a t  11, 12, ml, m2, 1, and m, refer t o  lengths  

along t h e  sphere and not t o  t h e  corresponding angles which are @,, g 2 ,  
el and 0 

Thus 

consecutive values of t he  l a t i t u d e  g r i d  l i n e s  (F ig .  C.1) 2 

respec t ive ly  (F ig .  C . l ) .  2 

2. 11<1<12; m < m < m  1 

We w r i t e  

d l = l - l l ;  d m = m - m  1 

W e  def ine 

G (1, m) = z 

so t h a t  a se t  of curves G ( 1 , m )  = constant would correspond t o  a s e t  

o f  l i n e s  on t h e  sphere along which t h e  magnetic parameter concerned 

(d ip  or t o t a l  f i e l d )  is constant. 
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Suppose t h a t  a t  the  corners of  t he  g r i d  network B C D  (Figs. C .  1 and 6),  
the  magnetic f i e l d  parameter z has t h e  values z1 at  D, z 2  at  C and 

a t  B. Developing t h e  function G around t h e  poin t  D (F ig .  C . l ) ,  t he  z3 
t o t a l  d i f f e r e n t i a l  of  z i s  given by 

6Z 
6m 6z dl + - dm dz = - 61 

We have 

L = 61 = 1 2 - l1 = Rk ( f 1 2  - $d1) COS el 

where k = K / l 8 9  and R i s  the  radius  o f  t h e  e a r t h .  

Thus 

- 9 - 
Rk (x2 - x ) cos 1 

M = 6m = m - m = Rk ( e ,  - e,) 2 1  

So that  

where p, q, xl, x2, y1 and y2 are as previously defined (Sect ion 1II.B). 

We have 

dl = 1 - l1 = Rk ( X  - xl) COS 0 

d m = m - m  1 = R k ( y - y l )  

where 8 i s  the l a t i t u d e  of t h e  poin t  T .  
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Substituting (C.2) and ( C . 3 )  in ( C . l ) ,  the value of the magnetic field 

parameter at the sub-satellite point T is given by 

(x - x,) cos e (Y - YJ I - z1 = (x 2 1  - x ) cos el + q &  

which is the previously quoted equation (6) of Section 1II.B. 
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APPENDIX D. THE DIGITAL COMF'UTEB PROGRAM. 

A flow chart  of  t h e  computer program f o r  the  ca l cu la t ion  of t he  

e lec t ron  densi ty  a t  the  vehicle  appears i n  Figure D.'1. 

The program makes use of t h r e e  matrices,  namely 

A )  

B )  

C )  Dip Angles (Table 6 ) .  

Tables of  p o s i t i o n a l  da ta  o f  whi.ch Table 4 is  a typical 
example. 

Tota l  i n t e n s i t y  of t he  e a r t h ' s  magnetic f i e l d  (Table 5 ) .  

The program i s  wr i t t en  i n  SUBALGOL, a compiler language i n  use on 

Stanford Univers i ty ' s  IBM 7090 computer. I n  order  t o  allow a more 

universa l  usage of t h e  program, a vers ion i n  machine language using 

FORTRAN I1 is  a l so  ava i l ab le .  

The ca lcu la t ion  of  the  e l ec t ron  dens i ty  a t  t he  vehic le  from the  

da ta  on a s ing le  ionogram takes about l / lOth  of  a second. 

IN PUT- OirTPUT DATA 

The program requi res  as input  data:  

1. One two-digit  number giving the  number o f  ionograms i n  one 

2. The pass number, date, and t h e  t i m e  a t  which t h e  c l o s e s t  

3. The t i m e ,  ( t -) ,  a t  which f----, t h e  frequency a t  which the  

pass.  

approach o f  t h e  vehic le  t o  Stanford occurred. 

nv Extraordinary ray  has zero range, w a s  observed. 

4. The equator ia l  crossing data,  t and 1 . 
5.  The frequency, f . 

E E 

xv 

The output from t h e  program cons i s t s  o f :  

1. Ionogram i d e n t i f i c a t i o n  data,  pass  number, da te  CPAZ 
t i m e  a t  t h e  vehicle,  GMT a t  the  vehic le  as required.  

2. The geographic la t i tude  and longi tude a t  the  sa te l l i t e .  

3. The gyro-frequency f a t  the  sa te l l i t e .  

4. The plasma frequency f a t  t h e  s a t e l l i t e .  

5.  The dip l a t i t u d e  a t  t he  loca t ion  of t h e  vehic le .  

6.  

Hv 

Nv 

The e l ec t ron  dens i ty  a t  t h e  vehic le .  

l o c a l  
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ALOUEWE POSITIONAL DATA 

From NASA Goddard Space F l ight  Center. 
I ssue  Date 6 Dec 1962. 

Data source NORAD. 

Bu l l e t in  6 62B-Alpha 1 424 I n  four p a r t s .  P a r t  I .  

922 339 - 78987 -073243 -90532-10 0 1.15893 .00214 
99 * 470 - .982 0 125.203 -2.565 0 99.67 80.48 

Pa r t  I1 S-N Equator Crossings 

REV Time Z Long W REV T i m e  Z 

7 DW 62 
945 1124.54 149.07 946 1310.06 

951 2157.70 308.23 952 2343.23 
948 1641.12 228.65 949 1826.64 

8 D ~ C  62 
953 128.75 1.28 954 314.28 
956 645.33 83.86 957 830.86 

962 1718.49 240.02 963 1904.02 
965 2235.08 319.59 

959 WOl.9l 160.44 960 1347.44 

9 Dee 62 
966 20.60 346.12 967 206.13 
969 537.18 65.70 970 722.71 
972 1053.76 145.27 973 1239.29 
975 1610.34 224.85 976 1755.87 

Long W 

175.60 
255.18 
334.76 

27.81 
107.39 
186.96 
266.54 

12.65 
92.22 

251.38 
171.80 

REV Time Z Long W 

955 459.81 54.33 
958 1016.39 133.91 
961 1:,52.97 213.49 
964 2cib9.55 293.07 

968 351.66 39.17 
971 908.24 118.75 
974 1424.82 198.33 
977 1941.40 277.90 
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TABLE 4 

ALOU3"E P O S I T T  ONAL DATA 

Part 111. Reduction t o  other lat i tudes and heights f o r  REX 1171 

LAT MINUTES LONG HEIGHT LAT MINUTES LONG HEIGHT 
N P L U S  CORR KI LOM s P L U S  CORR KILOM 

SN 00 . 00 . 00 
SN 10 2.94 359.05 
SN 20 5.89 358.00 
SN 30 8.84 356.71 
SN 40 11.82 354.94 

SN 60 17.87 347.76 
SN 70 21.06 338.17 

SN 50 14.823 352.29 

SN 80 25.30 296.02 

1010.4 
1008.4 
1007.8 
1008.3 
1009.9 
1012.1 
1014.5 
1016.7 
1018.7~ 

BULLETIN 000 ~~B-ALPHA 1 424 

N P T  
N S  80 

N S  60 

N S  40 

N S  20 
N S  10 
N S  00 

NS 70 

3s 50 
NS 30 

26.26 
27.22 
31.45 
34.65 
37.70 

43.69 

49.60 
52.56 

40.71 

46.65 

277.18 
258.22 

205.56 
200.98 
198.31 
196 53 
195 23 
194.18 
193.24 

215.30 

1018.9~ 
1019. ov 
1018.7~ 
1017.6~ 
1016.2~ 
1014.817 
1013.9 
1013.8 

1016.8 
1014.7 

N S  00 52.56 
N S  10 55.51 

NS 30 61.44 
NS 40 64.43 
NS 50 67.46 
NS 60 70.54 
N S  70 73.76 
NS 80 78.03 

NS 20 58.47 

S P T  
SN 80 

S N  60 

S N  40 

S N  20 
SN 10 
S N  00 

SN 70 

SN 50 

SN 30 

- 41 - 

193.24 
192.30 
191.26 
189.97 
188.23 
185.60 
181.13 
171.68 
130.31 

78.99 111.60 
79.96 92.53 
84.23 48.84 
8745 38-96 
90.52 34.33 
93.54 31.64 
96.53 29.86 
99-50 28.55 
102.45 27.50 
105.52 26.52 

1016.8 
1020.1 
10211.4 
1029.5 
1034.9 
1040.1 
1044.7 
1048.2 
1050.1~ 

1050.0~ 
1049.8~ 

1036.3~ 
1030.3~ 
1024.2 
1018.6 
1013.9 
1010.4 

10 46.4V 
1041.9V 
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Fig. 

9 
10 
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13 
14 
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16 

17 
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19 
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21 

22 

23 
24 

TAElLE 9 

DESCRIPTION OF TYPICAL TOPSIDE 

Date ( 1963) 

June 22 

March 15 
May 16 
May 11 

July 16 
Apri l  5 

June 29 

July 20 

March 22 

March 22 

May 23 

May ,23 

June 14 

July 1 

July 1 

Time (to) 
GMT 

H M S  

18 43 32 
21 40 03 
23 52 59 
01 16 38 

I-- 

15 55 34 
05 23 53 

06 44 35 

14 53 40 

22 47 15 

22 50 io 

08 02 24 

17 oa 50 
17 08 32 

Pass 
Number 

3637 
2288 
3135 
3054 

3963 
2565 

3726 

4017 

23 83 
2375 
3230 

3230 

3230 

3522 

3 759 
3759 

IONOGRAMS 

Remarks 

S m e r ,  daytime near  noon. 

Equinox, near noon. 

Afternoon, summer. 

Evening condi t ions.  
Note Z trace.  

Ear ly  morning condi t ions.  

Nighttime ionJgram. 
Note cusp near 1.8 Mc/s. 

Nighttime ionogram. 
Note cusp near 1.4 Mc/s. 

Early morning. Note 
spread F. 

Mid-day mul t ip le  t r a c e s .  

Midnight mul t ip le  t r a c e s .  

Ear ly  afternoon. Note 
low frequency s igna l s .  

Early afternoon. Note 
low frequency s igna l s .  

Ear ly  afternoon. Note 
low frequency s igna l s .  

Midnight. Note curvature 
o f  Extraordinary ray.  

Note low frequency s i g n a l s .  

Note low frequency s i g n a l s .  
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THE MAGNITUDE OF THE ERROR IN Nv 

fxv (Mc/s) 9 T  
(MC/S) N~ (electrons/cm 3 ) 

- fHV 

40000.0 
35000.0 
30000. o 
25000. o 
15000. o 
5000. o 

20000.0 

10000.0 

2.063 2248.6 
1.949 2196.2 
1.825 1953 - 5 
1.692 1787.8 
1.544 1605.0 
1.378 1398.6 
1.182 1-155 -9 
932 846.2 

5.6 
6.0 
6.5 
7.2 
8.0 
9.3 
11.6 
16.9 

.6 

40000.0 
3 5000.0 
30000.0 
25000.0 

15000. o 

5000. o 

20000.0 

10000.0 

2.121 
2.007 
1.884 
1.751- 
1.605 
1.440 
1.247 
1.002 

2258.0 
2116.2 
1964.3 
1799.6 
1618.1 
1413.6 

8,(0.9 
1174.0 

5.6 
6.0 
6.5 
7-2 
8.1 
9.4 
11.7 
17.4 

.7 

40000.0 
35000.0 
~0000.0 
25000. o 
20000.0 
15000. o 
10000.0 
5000. o 

2.180 
2.066 

1.812 
1.667 

1.944 

1.504 
1.314 
1.075 

2269. o 5.7 
2128.0 6.1 
1977.0 6.6 
1813.4 7.3 
1633.5 8.2 
1431.2 9.5 
1195.1 12.0 
899.1 18.0 

. a  

40000.0 2.240 2281.7 5.7 
35000.0 2.127 2141.5 6.1 
30000. o 2.006 1991- 5 6.6 
25000. o 1.875 1829.2 7.3 
20000.0 1.732 1651.1 8.3 
15000. o 1.570 1451.2 9.7 
10000.0 1.383 1219. o 12.2 
5000. o 1.150 930.6 18.6 
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TABLE 10 (continued) 

THE MAGTU’ITUDE OF THE ERROR I N  Nv 

(MC/S) (electrons/cm 3 ) 
‘Hv 

40000.0 
35000 .o 
30000.0 

-9 25000. o 
15000. o 
5000. o 

20000.0 

10000.0 

*XV ( W s )  

2.302 
2.189 
2.069 

1.638 

1.228 

1.940 
1.797 

1.454 

V 
aN 

2295 9 
2156.7 
2007.8 
1847,o 
1670.7 
1473.6 

965.1 

- 

1245.5 

mv/Nv (4) - 
5.7 
6.2 
6.7 
7.4 
8.4 
9.8 
12.5 
19.3 

1 .o 

40000.0 
35000 .o 
30000.0 
25000.0 

15000.0 

5000. o 

20000.0 

10000.0 

2.364 
2 * 253 
2.134 
2.005 
1.865 
1.708 
1.528 
1.308 

2311.8 
2173.6 
2025.9 
1866.7 
1692.5 
1498.1 
1274.5 
1002.2 

5.8 
6.2 
6.8 
7.5 
8.5 
10.0 
12.7 
20.0 

1.1 

~~ 

40000.0 
35000.0 
~0000.0 
25000.0 
20000.0 
15000. o 
10000.0 
5000. o 

2.428 
2.318 
2.200 
2.073 
1.934 
1.780 
1.603 
1 390 

2329 2 5-8 
2192.1 6.3 
2045.8 6.8 
1888.2 7.6 
1716.1 8.6 
1524.8 10.2 
1305.8 13.1 
1041.7 20.8 

1.2 

40000.0 
35000.0 
30000. o 
25000. o 
15000. o 

5000. o 

20000.0 

10000.0 

2.494 2348.1 
2.384 2212.1 
2.267 2067.3 
2.141 1911.4 

1.853 1553.6 
1.680 1339 * 2 
1.474 1083.3 

2.005 1741.7 

5-9 
6.3 
6.9 
7.6 
8.7 
10.4 
13.4 
21.7 
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30° 

20° 

I oo 

1 3 5 O  120° 1 0 5 O  90° 75O 60° 
LONGITUDE W 

l a  Map showing the  pos i t i on  o f  the  t e l eme t ry - s t a t ion  
operated by the  Radioscience Laboratory, Stanford 
University.  
of the  approximate zone i n  which l ine-of -s ight  
s igna l s  from Alouette a r e  de tec tab le .  
of the  ea r th ' s  t o t a l  f i e l d  i s  a l s o  shown. 

The dot ted  area ind ica t e s  t he  loca t ion  

The v a r i a t i o n  
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I I I I I I 
135. 1200 105. 90. 75. 600 

LONGITUDE W 

lb Map showing location of the telemetry station 
together with lines of constant magnetic dip  
angle. 
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To i l l u s t r a t e ,  i n  perspective,  t h e  e leva t ion  of 
t h e  tangent plane, CSB, through t h e  loca t ion  of 
Stanford, S, with a concentric sphere 1000 km 
above t h e  ear th .  
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NORTH 

2b To i l l u s t r a t e  t h e  in te rsec t ion  of a tangent plane 
(LNPQ) through the loca t ion  of  Stanford, S, with 
a concentric sphere 1000 km above the  ea r th .  The 
equation of t h e  plane LNPQ is  

COS (@ - go) + s i n e  s ine  = r /p  
0 0 

where 

8 and @ a r e  the geographic l a t i t u d e  and 
0 0 longitude of  the po in t  S, 8 and @ are the  

geographic l a t i t u d e  and longitude w e s t  of a po in t  
on the  plane distance p from t h e  center  of  t h e  
e a r t h  and r is  the rad ius  of the  ea r th .  The 
equation of  t he  cone i s  given by r/p = cos 30" 

s o  t h a t  

cos6 cos (@ - fro) + s i n e  s i n e  = cos 30" 
0 0 

For Stanford, 6 = 37.4" and @ = 122.2". 
0 0 
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LONGITUDE WEST 

3a To illustrate the determination of the position of 
the satellite for a north-south pass. 

I 

v2 
C D 20° 

---------- 
Y I  

E 
ioo 

O0 
A /  X I  x2 

LONGITUDE WEST 

3b To illustrate the determination of the position of 
the satellite for a south-north pass. 
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N 

Y 

4 To illustrate the convergence of the meridians 
AC, BD at latitudes between 8 and G2. The 

determination of the magnetic field parameters 
at the vehicle. 

latitude-longitude grid ABCD 1 is used for the 
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5 The portion ABCD of the grid shown in Figure 4 
on an enlarged scale. The dimensions of the 
trapezium ABCD are computed in Appendix B 
f o r  a lat itude-longitude grid corresponding 
to 8 = 43" and 8 = 45". The line DE lies 
in 'the plane ABZD. 
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6 To illustrate the calculation of the magnetic 
field parameters at the sub-satellite point, 
T. In this diagram, the points ABCD of 
Figures 4 and 5 are redrawn at the corners 
of a rectangle. 
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FREQUENCY (MC/S) 

9 
10 

SEL 64-007 

FREOUENCY (Mc/s) 

Daytime topside ionograms. Note tops ide  r e f l e c t e d  
rays and ground r e tu rns .  The plasma resonances 
( o r  sp ikes)  are a l s o  c l e a r l y  v i s i b l e ,  as are t h e  
cyclotron harmonics. 
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I I 
12 Day-night transition type ionogram. Note clear Z 

trace. 

O--. L 

500- 

IOOO-. 

1500- 
015 145 2.025 3,5 4.5 515 615 ZO 

FREQUENCY (Mc/s) 

13 Day-night transition type ionogram. Note spread F 
echoes. 
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FREQUENCY (Mc/s) 
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FREQUENCY ( Mcls) 

Examples of nighttime ionograms. 14 
1 5  
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Topside ionograms showing multiple traces. 18 
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15 4.5 5 5  
FREQUENCY (Mch 

b 

0 

22 On t h i s  nighttime record, t h e  curvature of the  
Extraordinary t race  j u s t  below t h e  CUSP i s  i n  t h e  
opposite d i rec t ion  t o  t h a t  usua l ly  observed. 
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Further examples of records showing the  apparent 
reception o f  s igna ls  a t  low frequencies.  
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fxv AT 1000 km 

tn 
\ 

24 JUN .E"-+ 'U" 25 DEC 
1813 I802 ..- ... .s - ** 0- 

0 I L  
I z 
i 

rt 
x 

MWS 2ool: 
I J  

27 JUN 29 DEC 
(818***-\eerj 1700 w ..a*.. 

1710 .) .--uo 

. 
28 JUN 30 DEC 

~ w e . ~ o ~  1738 
.r, 

29 JUN 31 DEC 
*.e- '.&- 3 1748 I8 I6 .,,.)de*r-, 

I 1 1 1  I 1  I I I I I  I I I I ' 

25a The va r i a t ion  with dip l a t i t u d e  of the  frequency, 
fxv, a t  which the Extraordinary t r a c e  has zero 
range, f o r  a s e r i e s  o f  days i n  summer and i n  
winter near l o c a l  noon a t  t he  vehicle (June 1963 
and December 1962). The numbers following t h e  
month shown on the  diagram give t h e  Greenwich 
Mean Time a t  the poin t  of c l o s e s t  approach o f  
t h e  Alouette s a t e l l i t e  t o  Stanford. 
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25b The va r i a t ion  with dip l a t i t u d e  of t h e  mid-day 
e lec t ron  densi ty  a t  1000 kilometers deduced from 
the  observat ional  data  p l o t t e d  i n  the  previous 
diagram (Fig.  25a) f o r  a series of days i n  
summer and i n  winter.  The dates f o r  each pass 
a re  shown together with the Greenwich Mean Time 
of the  c loses t  point  of approach t o  Stanford of 
the  Alouette s a t e l l i t e .  
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fxv  AT 1000 km 
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26a The va r i a t ion  w i t h  dip l a t i t u d e  of t h e  frequency, 
fxv, a t  which the Extraordinary t r a c e  has zero 
range, for a se r i e s  of n ights  i n  summer and i n  
winter near l o c a l  midnight a t  the vehicle .  The 
numbers following the  month as shown on the  
diagram correspond t o  the  Greenwich Mean Time 
a t  the  poin t  of c loses t  approach of the Alouette 
s a t e l l i t e  t o  Stanford. The r e s u l t s  are for  May 
and June 1963 and December 1962. 
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N AT 1000 km 
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2611 The va r i a t ion  with d ip  l a t i t u d e  of  t h e  m i d i g h t  
e l ec t ron  dens i ty  a t  1000 ki lometers  deduced from 
the  observat ional  data p l o t t e d  i n  t h e  previous 
diagram (Fig.  26a) fo r  a series of  n igh t s  i n  
summer and i n  winter .  The dates f o r  each pass  
are shown together  with the  Greenwich Mean Time  
of  t he  poin t  of c l o s e s t  approach t o  Stanford of 
t he  Alouette sa te l l i t e .  
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AVJZRAGE QUIET MIDNIGHT ELECTRON DENSITY AT 1000 km 
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28 The average variation with dip latitude of the electron 
density near midnight at 1000 kilometers for International 
Quiet Days in summer and winter. 
days in January, May, June and July 1963, and December 1962. 

The results are for quiet 

SEL 64-007 - 74 - 



E 

I 

0 .  

1 
cu 
0 

I 

I 6. 
I 
I 
I 
I 
I 
\ 
\ 
\ 

O:\* 

e 

O k e  

1 

0 

I 

- 75 - SEL 64-007 



k 
M O  c h  

€ 
Y 

I 
M 
0 

SEL 64-007 

I /- / 

0 
PI) 

G a i I 
0 

n cu - 
n 

I 
In * 
In m 
I 

I I I 
N 

- 7 6  - 

W 
J 

- 0  
I 
W > 

- 

O +  
-0Q cu - w  z 

I- 
1 
0 

- a  
s 

-P+ c 
cd cd .rl 

In InIn e Inco 

0 
M 

I - 
6 

0 
A 0  

00 
0 



E 
Y 

7 

CT 
Q) 
U 

!i 
J 

n 
n 
- 

I I 
N 

I I - 
0 

- 77 - SEL 64-007 



0 
00 

0 O O  

0 0 0 
O OO 

0 80 
0 0  

CP 
0 

0 0 

I I 
cu 
0 

I I 

0 
0 e 
0 

0 
0 
M 
0 

0 
0 cu 
0 

W 
1 

00 

o w  > 
I- 

G z  

a 
O W  
2 
I- 
- 

Ed 
1 

0 
0 cu cu 

0 
0 
cu - 

h 

SEL 64-007 - 78 - 



A. 1 The trajectory of the Alouette satellite over a 
latitude range of  10" is assumed to be in the 
plane ATC. 
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X 

A. 2 Coordinate system f o r  t he  ca l cu la t ion  o f  the  
l a t i t u d e  and longitude of  t he  s u b - s a t e l l i t e  po in t .  
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t 

c . 1  To illustrate the curvilinear coordinate system 
used in the derivation of equation (6). 
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